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EVALUATION OF STEEP FINAL APPROACH PHASE 

LUNAR DESCENT TRAJECTORIES 

By John T.  McNeely 

c SUMMARY 

Problems of  descent ,  abor t  , and landing  s i t e  v i s i b i l i t y  dur ing  
s t e e p  f i n a l  approach phase lunar  descent  t r a j e c t o r i e s  have been 
s tud ied .  The equat ions of motion were de r ived  i n  c losed  form and have 
been programed f o r  a v e h i c l e  on a cons tan t  f l i g h t - p a t h  angle  t r a j e c t o r y  
and f o r  a v e h i c l e  which a b o r t s  from t h i s  t r a j e c t o r y  t o  a cons tan t  
t h r u s t  p i t c h  angle  t r a j e c t o r y .  The condi t ions  d e s i r e d  a t  low g a t e  
are t h e  input  q u a n t i t i e s  f o r  t he  descent  program, and t h e  condi t ions  
e x i s t i n g  a t  t h e  t ime of abor t  a re  t h e  input  q u a n t i t i e s  f o r  t h e  abor t  
program. Data are presented  which show t h e  e f f e c t  of descent  f l i g h t -  
pa th  angles  of up t o  90'. 
a l s o  presented .  

Abort d a t a  f o r  t h e s e  t r a j e c t o r i e s  are 

For an abor t  t r a j e c t o r y  as w e l l  as f o r  a descent  t r a j e c t o r y ,  it 
appears  f e a s i b l e  t o  have a descent f l i g h t - p a t h  ang le  as l a r g e  as 
55' f o r  t h e  f i n a l  approach phase of a luna r  landing  mission provided 
t h a t  t h e  CSM d e l i v e r s  t h e  LM t o  a 50 000-foot a l t i t u d e  c i r c u l a r  o r b i t .  
This  upper l i m i t  on f l i g h t - p a t h  angle  drops t o  approximately 31' if  
t h e  LM descends from a 60-11. m i .  a l t i t u d e  c i r c u l a r  o r b i t .  However, 
a d i s p e r s i o n  a n a l y s i s  has not been conducted and i s  beyond t h e  scope 
of t h i s  s tudy.  

INTRODUCTION 

Post-Apollo luna r  landing missions may r e q u i r e  s t e e p  l u n a r  descent  
t r a j e c t o r i e s  i f  l una r  landing  s i t e s  a r e  chosen which have very  rough 
surrounding t e r r a i n  or which a r e  i n  c r a t e r s  such as Copernicus,  
Abulfeda or Aris ta rchus .  The s t eep  descent  t r a j e c t o r i e s  reduce LM 
l and ing  r a d a r  problems oyer rough t e r r a i n  and may inc rease  a c c e s s i b i l i t y  
by opening t h e  l i g h t i n g  window. 

To determine t h e  f e a s i b i l i t y  of a s t e e p  f i n a l  approach phase 
descent  t r a j e c t o r y ,  equat ions of motion have been der ived  and programed 
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f o r  t h e  descent and abor t  phases.  A parametr ic  scan of t h e  descent  
t r a j e c t o r i e s  was made t o  determine t h e i r  genera l  c h a r a c t e r i s t i c s .  
M a x i m u m  acceptable  descent  f l i gh t -pa th  angles  which s a t i s f i e d  t h e  
abor t  c r i t e r i a  were determined. F i n a l l y ,  c h a r a c t e r i s t i c s  of  t h e s e  
maximum f l igh t -pa th  ang le  t r a j e c t o r i e s  and landing  s i t e  v i s i b i l i t y  
problems were inves t iga t ed .  

cN 

FX 

*Z 

g 

H 

I 
SP 

M 

MO 

M1 

1;1 

t 

T 

v 

X 

j ,  

X 

Z 

i 

SYMBOLS 

cons tan t  of i n t e g r a t i o n ,  N = 1, ..., 8 

fo rce  i n  X d i r e c t i o n  

fo rce  i n  2 d i r e c t i o n  

g r a v i t y  a t  su r face  of moon, 5.3235 f t / s e c 2  

a l t i t u d e  at end of  f i n a l  approach phase 

s p e c i f i c  impulse 

mass of  veh ic l e  

mass a t  end of  f ina1 ,approach  phase 

i n i t i a l  weight, of ii’! ascent  s t a g e  

f u e l  mass flow r a t e  

t ime 

t h r u s t  

v e l o c i t y  a t  end of f i n a l  approach phase 

p o s i t i o n  along X - a x i s ,  h o r i z o n t a l  

v e l o c i t y  i n  X d i r e c t i o n  

a c c e l e r a t i o n  i n  X d i r e c t i o n  

pos i t i on  along Z - a x i s ,  v e r t i c a l  

v e l o c i t y  i n  Z d i r e c t i o n  
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.. 
Z 

a 

vZ 

vX 

zZ 

xX 

a c c e l e r a t i o n  i n  Z d i r e c t i o n  

t h r u s t  p i t c h  ang le  measured from f l i g h t - p a t h  ang le ,  descent  
phase 

sum of t h r u s t  p i t c h  angle  and f l i gh t -pa th  ang le ,  a + y 

f l i g h t - p a t h  angle  measured from h o r i z o n t a l  

t h r u s t  p i t c h  angle  measured from v e r t i c a l ,  abo r t  phase 

v e l o c i t y  i n  Z d i r e c t i o n  at t ime of a b o r t  

v e l o c i t y  i n  X d i r e c t i o n  a t  t ime of abor t  

p o s i t i o n  along Z-axis a t  t ime of abor t  

p o s i t i o n  along X-axis a t  t i m e  of abor t  

ANALYSIS 

Deriva t ion  of Descent Equations of Motion 

The program which has been developed f o r  a v e h i c l e  on a cons tan t  
f l i g h t - p a t h  angle  t r a j e c t o r y  during t h e  f i n a l  approach phase determines 
t h e  v e h i c l e  v e l o c i t y ,  p o s i t i o n ,  weight ,  and a t t i t u d e  as a func t ion  of 
t i m e .  The d e s i r e d  v e h i c l e  and t r a j e c t o r y  c h a r a c t e r i s t i c s  a t  low g a t e  
are inpu t  q u a n t i t i e s .  
were assumed and a r e  reasonable  assumptions f o r  s m a l l  a l t i t u d e  changes 
and s h o r t  ranges.  The problem w a s  f u r t h e r  s impl i f i ed  by t h e  assumption 
of a two-dfmensional t r a j e c t o r y .  Thrust  w a s  considered t o  be cons tan t  
throughout t h i s  phase.  

A f l a t  moon and a cons tan t  g r a v i t a t i o n a l  p o t e n t i a l  

A free-body diagram’which shows t h e  v e h i c l e  at some a r b i t r a r y  
p o s i t i o n  along t h e  descent  t r a j e c t o r y  i s  presented i n  f i g u r e  l ( a ) .  
Summation of fo rces  i n  t h e  v e r t i c a l  ( Z )  and h o r i z o n t a l  (X) d i r e c t i o n s  
r e s u l t s  i n  

F Z = T s i n  $ - Mg (1) 

FX = T cos $ ( 2 )  
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The acce le ra t ion  i n  t h e  Z and X d i r e c t i o n s  i s  found from 

s i n  I$ - g (3) " T z = -  
M 

The angle  $ i s  t h e  angle  measured from t h e  h o r i z o n t a l  t o  t h e  t h r u s t  
vec to r .  Because mass changes as f u e l  i s  used,  0 must a l s o  change t o  
maintain a constant  f l i gh t -pa th  angle .  A f o r c e  vec to r  diagram t h a t  
shows t h e  p i t c h  angle  a necessary t o  o b t a i n  t h e  f l i g h t - p a t h  angle  
y i s  presented i n  f i g u r e  l ( b ) .  The angle  $ i s  

$ = - ( + a  
From f i g u r e  l ( b )  , note  t h a t  

Mg cos y = T s i n  a 

or 
c1 = sin-1 [F cos y] 

S u b s t i t u t i o n  o f  equat ions 5 and 7 i n t o  equat ions  3 and 4 r e s u l t s  i n  

.. z = -  T s i n  [y + sin-1 (F cos  y)] - g 
M 

x = -  .* M T cos [y + s in - ' ( ?  cos  y)] ( 9 )  

Trigonometric s u b s t i t u t i o n  of t h e  sum of two angles  i n t o  equat ions  (8)  
l and ( 9 )  gives  

z = M 1 s i n  y cos [sin-1 ( cos y)] 

M 

- s i n  y s i n  [ sin- '  ( T  'Os $11 
After  t h e  s u b s t i t u t i o n s  have been made f o r  t h e  s i n e  and cos ine  of an  
inve r se  t r igonometr ic  func t ion ,  t h e  a c c e l e r a t i o n  of t h e  v e h i c l e  i s  
obtained from 

" 

T s i n  y $777 - g s i n 2  y M z =  
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where 
c 

T cos y g-- g s i n  y cos  y M X =  (13) 

M = Mo + it  (14) 

(16) u = l!& cos y T 
The term fit 
solved  i n  reverse o rde r  and because fue l  i s  added t o  t h e  v e h i c l e  as 
t i m e  i nc reases .  
of v e l o c i t y .  

i n  equat ion  ( 1 4 )  is p o s i t i v e  because t h e  problem i s  

I n t e g r a t i o n  of t h e s e  equat ions y i e l d s  t h e  two components 

x =  cos .[4- - log (l +-)I - g t  s i n  y cos y + C 1 (18) i 
where 

I n t e g r a t i o n  of equations.  (17) and (18) g ives  t h e  p o s i t i o n  of t h e  v e h i c l e  
as a func t ion  of t i m e .  

( 2 2 )  
+ C t + C k  - g t 2  s in2  y 

2 3 
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g t 2  COS y s i n  Y + Clt + 
2 

- 
2 

+ ‘Os [MO  COS^-'(^)] 
r;I2 

C 4 = H -  T s i n  y [ D M o d l  - D2M 0 ” -  s in- l  (DMo)] 
2D i2 

T s i n  y + 

If t h e  condi t ions a t  a c e r t a i n  a l t i t u d e  (e.g.  , high  g a t e )  are d e s i r e d ,  
a simple i t e r a t i o n  can be performed and t h e  t i m e  corresponding t o  t h e  
d e s i r e d  a l t i t u d e  obtained from equat ion  (22 )  ; t h e n  o t h e r  equat ions 
can be solved by use  of t h e  c o r r e c t  t i m e .  

Derivat ion of Abort Equations of  Mot ion  

An abor t  during t h e  f i n a l  approach phase of a luna r  descent  
t r a j e c t o r y  by use of t h e  ascent  s t a g e  may become necessary.  
which has been developed f o r  a v e h i c l e  on a cons tan t  t h r u s t  p i t c h  angle  
t r a j e c t o r y  during an abor t  from t h e  f i n a l  approach phase determines 
t h e  v e h i c l e  v e l o c i t y ,  pos i t i on ,  and weight as a func t ion  of t i m e ,  
The condi t ions  a t  t h e  t i m e  of abor t  are input  q u a n t i t i e s  which can be 
obta ined  fron the  equations presented i n  t h e  preceding s e c t i o n .  The 
equat ions which govern t h e  abor t  t r a j e c t o r y  a r e  der ived  i n  t h i s  
s e c t i o n  f o r  a constant  t h r u s t  p i t c h  angle  8 ,  measured from t h e  
v e r t i c a l .  A fo rce  vec tor  diagram for t h e  v e h i c l e  a t  some a r b i t r a r y  
p o s i t i o n  along t h e  abor t  t r a j e c t o r y  i s  presented  i n  f i g u r e  2. 
of f o r c e s  i n  the  v e r t i c a l  ( Z )  and h o r i z o n t a l  (X) d i r e c t i o n  y i e l d s  

The program 

Summation 

F = T COS 0 - Mg Z 
FX = T s i n  0 
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The a c c e l e r a t i o n  i n  t h e  Z and X d i r e c t i o n s  then  can be found from 

(28)  
*' T z = -  

M 

x = -  s i n  8 (29)  

COS 8 - 6 
.. 

I n t e g r a t i o n  of t h e s e  equat ions y i e l d s  t h e  v e l o c i t y  components 

and 

where 

9 T COS e lop; M Z =  - g t + C  5 h 

T s i n  l o g  M x =  + c  
r i  
T COS e l og  M 

Ti 

7 

1 c = v  - 5 z  

T s i n  8 loa M- 
- 1  c7 = vx - 

Ti 
I n t e g r a t i o n  of equat ions (30) and (31) g ives  t h e  p o s i t i o n  of t h e  
v e h i c l e  as a func t ion  of t ime a f t e r  a b o r t .  

T COS e z =  [M log (M) - MI - $ + c t -k c6 
h2 5 

where 

(30 )  

(31) 

( 3 2 )  

(33 )  

M = M  + i t  1 
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I n  t h i s  c a s e ,  f u e l  i s  being sub t r ac t ed  as t i m e  i nc reases ;  t h e r e f o r e ,  

t h e  term Ik i n  equat ion (38) i s  negat ive .  The p o s i t i o n  X i s  
measured from the o r i g i n a l  po in t  of low g a t e  on t h e  descent  t r a j e c t o r y ,  

p o s i t i v e  i n  the  d i r e c t i o n  of high g a t e .  
can be found by a simple i t e r a t i o n  of equat ion  ( 3 0 ) .  
t hen  can be found from equat ions (34)  and ( 3 5 ) .  

The t i m e  of pull-up (when i = 0 )  
The p o s i t i o n  

PROGRAM APPLICATION 

Vehicle Descr ip t ion  

The d a t a  t h a t  were generated t o  i l l u s t r a t e  t h e  output  of t h e  
two programs descr ibed i n  t h i s  r e p o r t  u se  t h e  c h a r a c t e r i s t i c s  of t h e  
extended LM (ELM) as t h e  descent  v e h i c l e .  The c h a r a c t e r i s t i c s  of 
t h i s  v e h i c l e  were obtained from re fe rences  1, 2,  and 3 and are summarized 
i n  t a b l e  I. The weight a t  low g a t e  i s  a n  input  quan t i ty  for t h e  
descent  program and has  a nominal va lue  of 18 265 pounds. 
nominal va lue  allows a AV of 667 f p s  for t h e  landing  phase (descent  
from 500 f t  plus 50 sec of hover)  and g ives  a nominal p r o p e l l a n t  
weight of 339 pounds f o r  d i spe r s ions .  A maximum descent  s t a g e  t h r u s t  
of 10 500 pounds was used wi th  v a r i a t i o n s  i n  I of 288.5 seconds f o r  

10  percent  t h r u s t  t o  301.7 seconds f o r  m a x i m u m  t h r u s t .  

This  

SP 

Descent F i n a l  Approach Phase Parametr ic  Scan 

A parametric scan i s  presented i n  f i g u r e s  3 through 8 which 
shows t h e  e f f e c t  of s t e e p  descent angles  on t h e  f i n a l  approach phase 
descent  t r a j e c t o r y .  I n  a l l  cases ,  t h e  a l t i t u d e s  a t  h igh  g a t e  and 
low ga te  are 10  000 f e e t  and 500 f ee t ,  r e s p e c t i v e l y .  The v e l o c i t y  
and weight at low g a t e  are 0 f p s  and 18 265 pounds, r e s p e c t i v e l y .  
The v a r i a t i o n  i n  t h e  v e l o c i t y  a t  h igh  g a t e  i s  shown i n  f i g u r e  3 as a 
func t ion  of f l i gh t -pa th  angle  and t h r u s t  dur ing  t h e  f i n a l  approach 
phase of l una r  descent .  The c h a r a c t e r i s t i c  v e l o c i t y  ( V c )  r equ i r ed  

from high g a t e  t o  low g a t e  i s  shown i n  f i g u r e  4 as a func t ion  of 
f l i gh t -pa th  angle and t h r u s t  , and t h e  corresponding g r a v i t y  l o s s e s  a r e  
shown i n  f igu re  5 .  For any given f l i gh t -pa th  ang le ,  a minimum cha rac t e r -  
i s t i c  v e l o c i t y  occurs  between t h e  t h r u s t  l e v e l s  of 4900 and 6200 pounds. 
This  s i t u a t i o n  occurs  only during t h e  f i n a l  approach phase of l una r  
descent .  When t h e  braking phase (50 000 f t  t o  h igh  g a t e )  i s  considered 
i n  conjunct ion w i t h  t h e  d a t a  i n  f i g u r e  4 ,  t h e  shape of t h e  curves 
w i l l  change, and t h e  s t eepe r  descent  t r a j e c t o r i e s  w i l l  have t h e  
higher  AV requirements.  
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The v a r i a t i o n  i n  v e h i c l e  weight at high g a t e  as a f u n c t i o n  of 
t h r u s t  and f l i g h t - p a t h  angle  during t h e  f i n a l  approach phase i s  seen 
i n  figure 6. 
t h e  weight a t  h igh  g a t e  e x i s t s  f o r  each given f l i g h t - p a t h  angle  and 
t h r u s t  l e v e l  between 4900 and 6200 pounds. 

A s  wi th  t h e  c h a r a c t e r i s t i c  v e l o c i t y ,  a m i n i m u m  v a l u e  f o r  

The t h r u s t  ang le  measured from t h e  h o r i z o n t a l  i s  shown i n  
f i g u r e  7 as a func t ion  of t h r u s t  and f l i g h t - p a t h  ang le  y .  A s  
expected f o r  low va lues  of t h r u s t  and y ,  a s i g n i f i c a n t  po r t ion  of t h e  
t h r u s t  vec to r  i s  r equ i r ed  t o  s top v e r t i c a l  descent .  The ground range  
from high  g a t e  t o  t h e  landing s i t e  i s  shown i n  f i g u r e  8 as a func t ion  
of f l i g h t - p a t h  angle .  One of t h e  r ea l  advantages of t h e  s t e e p  descent  
angle  approach i s  t h a t  only a s m a l l  r ange  i s  r equ i r ed .  This  s m a l l  
range reduces t h e  LM landing  radar  problems over rough t e r r a i n  by allow- 
i n g  f o r  a longer  observa t ion  of t h e  landing  s i t e  a r e a  by t h e  r a d a r .  

Abort from t h e  Descent T ra j ec to ry  

A s  an example of how t h e  descent and abor t  programs d iscussed  i n  
t h i s  r e p o r t  can be used ,  t h e  landing and abor t  performance problems 
of an  ELM have been considered. The c h a r a c t e r i s t i c s  of t h i s  LM were 
g iven  i n  t h e  preceding sec t ion ,  and many t rade-of fs  were seen t o  
e x i s t  between f l i g h t - p a t h  angle and t h r u s t .  The problems are not 
a s s o c i a t e d  wi th  t h e  s t e e p  descent t r a j e c t o r y ,  b u t  r a t h e r  wi th  t h e  
abor t  from t h i s  t r a j e c t o r y .  For  t h a t  reason ,  t h e  abor t  problem i s  
considered f irst .  

When t h e  descent  f l i gh t -pa th  ang le  and descent  t h r u s t  are both 
l a r g e ,  v e r t i c a l  v e l o c i t y  as a func t ion  of a l t i t u d e  i s  a l s o  r e l a t i v e l y  
l a r g e .  Abort from t h e s e  t r a j e c t o r i e s  wi th  t h e  LM ascent  s t a g e  is  
impossible  because of t h e  reduced thrust-to-weight r a t i o  of t h i s  
s t age .  The problem e a s i l y  i s  seen i n  f i g u r e  9 which shows pu l lou t  
a l t i t u d e  as a func t ion  of t ime a f te r  h igh  g a t e  of abor t  i n i t i a t i o n .  
The descent  s t a g e  t h r u s t  l e v e l  i s  6000 pounds. 
angle  y 
su r face  if abor t  i s  i n i t i a t e d  35 seconds after h igh  g a t e .  Abort i s  
not  p o s s i b l e  dur ing  t h e  e n t i r e  f i n a l  approach phase t r a j e c t o r y  i f  
y i s  g r e a t e r  t h a n  46" because a b o r t s  dur ing  c e r t a i n  po r t ions  of t h i s  
t r a j e c t o r y  (dead man zones) r e s u l t  i n  a pu l lou t  below t h e  l u n a r  su r face .  
By r educ t ion  of t h e  descent  s tage t h r u s t ,  dead man zones can be 
e l imina ted  f o r  a l l  descent  f l i gh t -pa th  angles .  The minimum a l t i t u d e  
at p u l l o u t  i s  shown i n  f i g u r e  10 as a func t ion  o f  descent f l i g h t - p a t h  
angle  and descent  s t age  t h r u s t .  A descent  f l i g h t - p a t h  angle  of 90" 
r e q u i r e s  t h e  lowest t h r u s t  l e v e l  (5710 l b )  t o  e l imina te  dead man 
zones. 
a t  p u l l o u t  i s  300 fee t .  The t h r u s t  l e v e l  t h a t  corresponds t o  a 

A descent  f l i g h t - p a t h  
of approximately 46" r e s u l t s  i n  a p u l l o u t  a t  t h e  luna r  

If t h e  t h r u s t  i s  reduced t o  4945 pounds, t h e  minimum a l t i t u d e  
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minimum a l t i t u d e  of 300 feet  a t  p u l l o u t  f o r  any g iven  f l i g h t - p a t h  
angle  i s  labe led  i n  f i g u r e  10 and i s  t h e  t h r u s t  l eve l  used f o r  t h e  
res t  of t h i s  example case .  

I 

The previous a n a l y s i s  d e a l t  only wi th  t h e  problem of s topping  
v e r t i c a l  descent be fo re  t h e  l u n a r  su r face  i s  reached. A second problem 
a s s o c i a t e d  with abor t  i s  t h e  achievement of a safe o r b i t  af ter  v e r t i c a l  
descent  i s  stopped. A schematic t h a t  p re sen t s  d a t a  f o r  t h e  s o l u t i o n  of 
t h e  abor t  problem i n  two phases i s  g iven  i n  f i g u r e  11. The descent  
s t a g e  w a s  assumed t o  be j e t t i s o n e d  wi th  a 3-second de lay  between DPS 
shutdown and APS t h r u s t  bui ldup.  The cons tan t  th rus t  p i t c h  angle  
abor t  program descr ibed i n  t h i s  r e p o r t  t hen  w a s  used t o  determine t h e  
ascent  s t a g e  pos i t i on  and v e l o c i t y  as a func t ion  of t i m e  u n t i l  v e r t i c a l  
descent  w a s  stopped (po in t  B i n  f i g .  11). 
a s a f e  o r b i t  from po in t  B of 60 000 fee t  by 30 n. m i .  w a s  ob ta ined  
from re fe rence  4.  The AV d a t a  a r e  very  i n s e n s i t i v e  t o  t h e  v e h i c l e  
a l t i t u d e  at point  B and were c a l c u l a t e d  by use  of an optimum p i t c h  
p r o f i l e  program. These d a t a  are shown i n  f i g u r e  1 2  as a func t ion  of 
t h e  h o r i z o n t a l  v e l o c i t y  of t h e  v e h i c l e  a t  po in t  B. 

The AV r equ i r ed  t o  a t t a i n  

The t o t a l  AV requi red  t o  abor t  success fu l ly  from a s t e e p  descent  
t r a j e c t o r y  w a s  computed by use  of t h e  prev ious ly  descr ibed  method of 
s o l u t i o n  and i s  shown i n  f i g u r e s  13 through 16. Descent f l i g h t - p a t h  
angles  of 30°, 45', 60°, and 75' are considered.  
f i g u r e s ,  t h e  s o l i d  l i n e s  a r e  cons tan t  t i m e  l i n e s  t h a t  i n d i c a t e  t h e  
t i m e  of abor t  i n i t i a t i o n  af ter  high g a t e .  The dashed l i n e s  are cons tan t  
a l t i t u d e  l i n e s  t h a t  correspond t o  t h e  a l t i t u d e  a t  pu l lou t  ( c l o s e s t  
approach t o  the  luna r  s u r f a c e ) .  A descent  s t a g e  t h r u s t  w a s  chosen 
f o r  each descent f l i g h t - p a t h  angle  y so t h a t  t h e  minimum p u l l o u t  
a l t i t u d e  f o r  any abor t  i s  300 f e e t .  For a pu l lou t  a l t i t u d e  of 

30°,  6019 f p s  fo r  a y of 45', 6110 f p s  f o r  a y of 60°,  and 
6186 f p s  f o r  a y of 75'. 

I n  each of t h e  

I 300 f e e t ,  t h e  maximum AV r equ i r ed  f o r  abor t  i s  5985 f p s  f o r  a y of 

The AV requirements f o r  abor t  i nc rease  as t h e  pu l lou t  a l t i t u d e  
inc reases  ( f i g s .  13  through 1 6 ) .  Although a l t i t u d e  requirements  are  
not  e x p l i c i t l y  def ined ,  abor t  a t  higher  a l t i t u d e s  w i l l  probably 
d i c t a t e  a r e l a t i v e l y  high pu l lou t  a l t i t u d e  because of t h e  p o s s i b l e  
magnitude of the unknown a l t i t u d e  e r r o r  at t h a t  t ime.  A s  t h e  
v e h i c l e  approaches t h e  luna r  su r face ,  r a d a r  updates should make it 
poss ib l e  t o  use a lower pu l lou t  a l t i t u d e .  Depending on t h e  c o n s t r a i n t s  
and t h e  m a x i m u m  AV c a p a b i l i t y  of t h e  LM ascent  s t a g e ,  it appears  
p o s s i b l e  t o  abort  from a descent  t r a j e c t o r y  t h a t  has a y as l a r g e  
as 50' t o  60". 
t r a j e c t o r i e s  would r equ i r ed  a r educ t ion  i n  t h e  descent  s t a g e  t h r u s t  

For an  abor t  t o  be  success fu l ,  s t e e p e r  descent  

I from t h a t  used f o r  t h e  example problem. 
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The Descent T r  a j e c t  ory 

I n  previous s e c t i o n s  a parametric scan w a s  made of t h e  f i n a l  
approach phase descent  t r a j e c t o r y .  
problem t h e n  w a s  solved t o  determine t h e  s p e c i f i c  area of i n t e r e s t  f o r  
t h e  descent  s t a g e  t h r u s t  l e v e l .  Thrust  w a s  chosen as a f u n c t i o n  of 
t h e  descent  f l i g h t - p a t h  angle  y so t h a t  t h e  m i n i m u m  p u l l o u t  a l t i t u d e  
f o r  any abor t  w a s  300 f e e t .  The condi t ions  a t  h igh  g a t e  w e r e  determined, 
and d a t a  f o r  t h e  brak ing  phase,  which match t h e  condi t ions  a t  h igh  
g a t e ,  were obta ined  from t h e  Landing Analysis  Branch, MPAD. By use of 
t h e s e  d a t a ,  t h e  t o t a l  AV requi red  f o r  descent  from a 50 000-foot 
c i r c u l a r  o r b i t  t o  landing  was obta ined  and i s  shown i n  figure 1 7  as 
a func t ion  of the f l i gh t -pa th  ang le  dur ing  t h e  f i n a l  approach phase.  
The t o t a l  AV v a r i e s  from 6790 f p s  f o r  a 
a y of 90'. These va lues  a r e  based on a landed LM weight of  
17 044 pounds, which corresponds t o  a f u l l y  fue l ed  LM sepa ra t ion  
weight of 34 272 pounds. 
t h e  descent  t r a j e c t o r y ,  based on a LM sepa ra t ion  weight of 33 500 pounds. 
This  AV allowance, which i s  almost t h e  maximum AV c a p a b i l i t y  of t h e  
LM descent  s t a g e ,  c ros ses  t h e  curve i n  f i g u r e  17 a t  a y of 
approximately 55'. This  value f o r  y i s  i n  t h e  a r e a  of t h e  upper 
l i m i t  on y f o r  an abor t  as wel l .  

The f i n a l  approach phase abor t  

y of 25' t o  7160 f p s  f o r  

A AV of 6997 f p s  i s  budgeted i n  Apollo f o r  

LANDING SITE VISIBILITY 

One of t h e  problems assoc ia ted  wi th  t h e  s t e e p  descent  t r a j e c t o r y  
i s  landing  s i t e  v i s i b i l i t y .  It has  been assumed i n  t h e  foregoing  
a n a l y s i s  t h a t  t h e  v e h i c l e  v e l o c i t y  a t  low g a t e  i s  zero and t h a t  t h e  
landing  s i t e  is  d i r e c t l y  below low g a t e .  When t h e s e  condi t ions  e x i s t ,  
t h e  landing s i te  w i l l  no t  appear 5 O  above t h e  window edge a t  any t i m e  
dur ing  t h e  cons tan t  y f i n a l  approach phase.  A s o l u t i o n  for t h i s  
problem i s . t o  o f f s e t  low g a t e  s o  t h a t  t h e  landing  s i t e  can be seen  
and then  t o  f l y  some modified t r a j e c t o r y .  A schematic of one such 
modified t r a j e c t o r y  i s  shown i n  f i g u r e  18. 
t o  i n d i c a t e  a poss ib l e  technique. No at tempt  w a s  made t o  opt imize the  
AV cos t  i n  t h i s  example, which employs a descent  f l i gh t -pa th  ang le  of 
45'. If low g a t e  i s  o f f s e t  2126 fee t  from t h e  landing  s i t e ,  t h e  s i t e  
can be  seen 5' above t h e  window edge at h igh  g a t e  and h igher  above t h e  
window edge as t h e  veh ic l e  approaches low g a t e .  The f l i g h t - p a t h  
angle  i s  he ld  at 45' and t h e  t h r u s t  a t  5300 pounds u n t i l  an a l t i t u d e  
of 1705 f e e t  i s  reached. The t h r u s t  t.hen i s  reduced t o  4961 pounds, 
and t h e  p i t c h  angle  i s  increased t o  90' ( v e r t i c a l ) .  
of 500 f e e t ,  v e r t i c a l  descent  s tops  and t h e  landing  s i t e  i s  approximately 
500 fee t  away. The ho r i zon ta l  v e l o c i t y  then  i s  reduced t o  zero by a 
t h r u s t  of 6500 pounds a t  a p i t ch  a n g l e  of approximately 30'. This  
t r a j e c t o r y  c o s t s  approximately 83 f p s  more than  a cons tan t  

The method i s  shown only 

A t  an a l t i t u d e  

y approach 
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a l l  t h e  way t o  low-gate. This AV r ep resen t s  s l i g h t l y  more t h a n  
1 5  seconds of hover t i m e .  When t h i s  method i s  used,  t h e  landing  s i t e  
can be seen  wel l  above t h e  window edge dur ing  a l l  of t h e  f i n a l  approach 
phase except f o r  t h e  l a s t  few seconds. 

The amount t h a t  low g a t e  must be o f f s e t  so  t h a t  t h e  landing  
s i t e  can b e  seen a t  h igh  g a t e  i s  shown i n  f i g u r e  19 as a func t ion  of 
t h e  f l i gh t -pa th  angle  y during t h e  f i n a l  approach phase. The 
amount of o f f s e t  varies from 1750 f e e t  f o r  a y of 35' t o  5774 f e e t  
f o r  a y of  90'. The r e s u l t  of t h i s  o f f s e t  can be seen i n  f i g u r e  20 
which shows look angle  as a func t ion  of t ime t o  go t o  low g a t e  and of 
f l i g h t - p a t h  angle.  A look angle  of 30' corresponds t o  t h e  v i s i b i l i t y  
of t h e  landing s i t e  5' above t h e  window edge. 
ca l cu la t ed  with a cons tan t  y t r a j e c t o r y  assumed a l l  t h e  way t o  
low g a t e .  A pitch-up maneuver near  low g a t e  y i e l d s  an  even g r e a t e r  

shown i n  f i g u r e  20 f o r  comparison purposes.  
l a d i n g  s i t e  v i s i b i l i t y  for t h e  cons tan t  y approach t o  compare 
favorably  wi th  t h e  v i s i b i l i t y  f o r  an Ap0110 descent  t r a j e c t o r y  . 

These d a t a  were 

look angle .  The look angle  f o r  a t y p i c a l  Apollo descent  (one phase)  i s  \ 

Low g a t e  o f f s e t  permits  

CONCLUSIONS 

A technique has been presented f o r  a n a l y s i s  of t h e  e f f e c t s  of 
s t e e p  descent  angle on t h e  f i n a l  approach phase of a luna r  l and ing  
mission. Equations f o r  t h e  v e h i c l e  v e l o c i t y ,  p o s i t i o n ,  weight ,  and 
a t t i t u d e  are given as func t ions  of t i m e  i n  c losed  form. Closed form 
s o l u t i o n s  which g ive  t h e  c h a r a c t e r i s t i c s  of a b o r t  t r a j e c t o r i e s  as 
func t ions  of time are a l s o  presented .  I n  both descent  and abor t  
t echniques ,  a f l a t  moon, a cons tan t  g r a v i t a t i o n a l  p o t e n t i a l ,  a two- 
dimensional t r a j e c t o r y ,  and cons tan t  t h r u s t  are assumed. With t h i s  
model, s t e e p  f i n a l  approach phase descent  t r a j e c t o r i e s  are eva lua ted  
wi th  t h e  fol lowing c o n s t r a i n t s .  

1. The CSM d e l i v e r s  t h e  LMto  a 50 000-foot a l t i t u d e  c i r c u l a r  
o r b i t  . 

2. The a l t i t u d e s  a t  high g a t e  and low g a t e  a r e  10 000 fee t  and 
500 f e e t ,  r e s p e c t i v e l y ,  and t h e  v e l o c i t y  a t  low g a t e  i s  zero.  

3. The descent s t a g e  t h r u s t  is  s p e c i f i e d  as a func t ion  of y 
such t h a t  t h e  minimum pu l lou t  a l t i t u d e  f o r  any abor t  i s  300 f e e t  
( f i g .  10). 

4. The minimum acceptab le  o r b i t  f o r  an abor t  maneuver i s  
60 000 f e e t  by 30 n. m i .  
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The conclusions of  t h e  ana lys i s  are t h e  fol lowing.  

1. It i s  poss ib l e  t o  have a descent  f l i g h t - p a t h  angle  of as 
l a r g e  as 5 5 O  and not  exceed the  AV which i s  c u r r e n t l y  budgeted i n  
Apollo f o r  LM descent .  

2. If t h e  CSM cannot de l iver  t h e  LM t o  a c i r c u l a r  o r b i t  lower 
than  60-11. m i .  a l t i t u d e ,  t h e  5 5 O  upper l i m i t  on y drops t o  
approximately 31'. 
i s  beyond t h e  scope of t h i s  paper. 

A d i spers ion  a n a l y s i s  has  not been conducted and 

3. If t h e  descent  f l igh t -pa th  ang le  i s  l e s s  than  approximately 
5 5 O ,  abor t  from t h e  descent  t r a j e c t o r y  t o  a 60 000-foot by 30-n. m i .  
a l t i t u d e  o r b i t  can be successfu l ly  accomplished with t h e  LM ascent  
s t age .  

4. The problem of landing s i t e  v i s i b i l i t y  f o r  a constant  y 
approach can be solved by low-gate o f f s e t .  



1 4  

TABLE I.- CHARACTERISTICS OF ASCENT AND DESCENT STAGES 

OF THE EXTENDED LM 

Maximum t o t a l  weight f o r  both 

Maximum usable  f u e l  f o r  t h e  

s t a g e s ,  l b  . . . . . . . . . . . . . . . . . . .  
descent  s tage ,  l b  . . . . . . . . . . . . . . .  

Nominal f u e l  used for  descen t ,  lb . . . . . . . .  
Nominal weight at landing ,  l b  . . . . . . . . . .  
Fuel  allowance f o r  landing  phase 

Nominal weight a t  l o w  g a t e  

(667 f p s ) , l b  . . . . . . . . . . . . . . . . .  
(500 f t ) ,  l b  . . . . . . . . . . . . . . . . . .  

Des cent  s t  age 

Maximum t h r u s t ,  l b  . . . . . . . . . . . . . . .  
I a t  10% t h r u s t ,  s e c  . . . . . . . . . . . . .  
I a t  25% t h r u s t ,  sec  . . . . . . . . . . . . .  

SP 

SP 

SP 

SP 

SP 

SP 

I a t  50% t h r u s t ,  s ec  . . . . . . . . . . . . .  
I a t  60% t h r u s t ,  s ec  . . . . . . . . . . . . .  
I a t  65% t h r u s t ,  s e c  . . . . . . . . . . . . .  
I a t F T P , s e c  . . . . . . . . . . . . . . . .  

Ascent s tage 

Thrus t ,  l b  . . . . . . . . . . . . . . . . . . .  
I sec  . . . . . . . . . . . . . . . . . . . .  

SP , 

34 272 

17  588 
17 228 

17  044 

1 221 

18 265 

i o  500 
288.5 

292.5 

295.8 

300.6 

301.6 

301.7 

3 627 
303.4 
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r T -- ------- 

I 

(a) Vehicle at arbitrary position along descent trajectory, 

T 

(b) Indication of pitch angle (Q+Y) necessary to maintain constant yapproach. 

Figure 1 .- Force vector diagrams for vehicle in  final approach phase of lunar descent 
(constant fl ight-path angle). 
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Figure 2 .- Force vector diagram for vehicle i n  abort phase after high gate. 
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Figure 3 .- Variation in  the velocity at  high gate wi th  flight-path angle and thrust. 
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Figure 9 . -  Variation in  pullout altitude with time of abort in i t iat ion and fl ight-path angle. 
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